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Introduction
The goal of cytokine gene-mediated immunotherapy of cancer is to generate a long lasting, tumor-specific, systemic immune response that prevents the establishment of micro-metastases. Cytokines are an important component of the immune system that participate in the development of immune response at multiple levels. They regulate the migration of immunocytes and participate in the activation, maturation and differentiation of the immune response. Cytokine genes can be delivered to specific sites to produce these proteins locally at physiological levels. The local expression of cytokines may be less toxic than their systemic delivery as recombinant proteins. 1 While a number of cytokines have been tested for immunotherapy of cancer, IL-12 has proven to be one of the most effective in the induction of potent antitumor immunity. [2] [3] [4] [5] IL-12 has numerous immunomodulatory properties, 6 such as inducing the proliferation of NK and T cells [7] [8] [9] and augmenting their cytolytic activity. [9] [10] [11] [12] Some of the antitumor effects of IL-12 are mediated through the induction of IFN-␥ from NK cells and T cells. 2, 3, 10, 13, 14 Administration of an IFN-␥-neutralizing antibody reduces the IL-12-mediated antitumor activity. 2 Moreover, IFN-␥ promotes in at least one tumor model (Renca), the secretion of a CXC chemokine, IP-10, which
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Received 11 September 1998; accepted 17 December 1998 can induce the accumulation of CD8 + T cells in the tumor. 15 This chemokine is also an anti-angiogenic factor that blocks the growth of tumors by reducing blood supply. 16 IL-12 is required in the differentiation of T helper cells undergoing antigen priming to Th1 cells 17, 18 , which participate in the elimination of intracellular parasites and may help in the development of cytolytic CD8 + T cell responses against viruses and tumor cells.
Cytotoxicity associated with the systemic use of recombinant IL-12 protein, both in mice 19 and in humans, 20 has led researchers to seek alternatives for its delivery to target tissue. Tumor cells or fibroblasts transfected ex vivo with IL-12 [21] [22] [23] effectively induce an antitumor immune response in mouse tumor models. Translation of this system into a clinically acceptable form would involve first deriving stable tumor or fibroblast cell lines from the patient, and then transfecting them with the IL-12 gene followed by re-infusion to the patient. A nonviral gene therapy approach for the treatment of cancer could be an exciting option in the clinic because it would be potentially more efficient and less labor intensive. While viral vectors, such as retrovirus, 24 vaccinia virus 25 and adenovirus, 26 have been successfully used in mouse tumor models, an important issue in bringing them to the clinic is their immunogenicity. Since highly immunogenic viral systems would inhibit repeated use, nonviral systems may hold more promise for the delivery of a specific therapeutic gene into humans.
The gene delivery system used in this study yields a higher level of gene expression in muscle tissues than unformulated DNA. 27 This system has been used to obtain significant biological activity of a variety of transgene products. 28, 29 Using this system to deliver IL-12 into two tumor models -immunogenic (Renca) and less immunogenic (CT26) -we show that up to 50% of tumorbearing mice in both models reject their tumors with the help of a primarily CD8 + T cell-mediated immune response that has long lasting memory.
Results
Expression of IL-12 and IFN-␥ in tumors treated with IL-12/PVP To confirm the expression of IL-12 in vivo, tumors that were previously injected with 50 l (24 g) of IL-12/PVP or empty plasmid (EP)/PVP were explanted 1 day later and cultured as single cell suspensions in complete medium for 24 h. Culture supernatants were separated from cells by centrifugation and assayed for the presence of IL-12 by ELISA. Figure 1a shows that tumors injected with IL-12/PVP, but not EP/PVP, secreted IL-12 (146 ± 89 pg/mg total protein) into their culture super- natants. These data confirm the in vivo expression capacity of the IL-12/PVP formulation.
IL-12 mediated immunomodulatory properties, such as the development of anti-tumor immunity and the differentiation of a Th1 immune response, are partly mediated by IFN-␥. 2, 3, 14 To test whether IL-12 produced as a result of the IL-12/PVP treatment could induce the secretion of IFN-␥, we measured the amounts of IFN-␥ secreted by explanted tumors as described above. Tumors obtained from mice 1 day after intra-tumoral injection with IL-12/PVP or EP/PVP produced 160 ± 82 and 4.6 ± 5.8 pg IFN-␥/mg total protein, respectively (Figure 1b) .
FACS analysis of Renca tumors treated with IL-12/PVP IFN-␥ has been shown to increase the levels of MHC class I and class II molecules on antigen presenting cells 30 and enhance the proliferation of NK and T cells. [7] [8] [9] To determine if intra-tumoral treatment with IL-12/PVP induced similar effects in the tumor infiltrating cells, FACS analysis of IL-12/PVP-treated Renca tumors was performed. Within 3 days of treatment with IL-12/PVP, increased levels of MHC class I molecules in tumors were observed ( Figure 2 ). There was no detectable change in the levels of MHC class II molecules on tumor infiltrating cells (data not shown). Levels of MHC class I molecules were also increased on cells in the draining lymph nodes (Figure 2 ). While treatment with the empty plasmid also led to an increase in infiltrating cells (Table 1) , the increase was less than that observed with IL-12/PVP. Table I 
and CD8
+ T cell populations was also associated with the expression of the activation marker CD69 on these cells (Table 1) . Only a slight increase was observed in numbers of Mac-1 hi cells as a result of treatment with IL-12/PVP (1.5-fold; from 6.93% to 10.41%). Interestingly, treatment with EP/PVP showed a larger increase of Mac-1 hi cells (two-fold; from 6.93% to 13.82%), indicating some biological activity of EP/PVP.
Antitumor effect of IL-12/PVP treatment
We further analyzed whether IL-12/PVP treatment could induce in vivo an antitumor immune response in Renca and CT26 tumors. Optimal doses of IL-12 expression plasmid were determined for both tumor models by treating them with varying doses of IL-12/PVP (6-48 g per mouse per treatment). EP/PVP (24 or 48 g) was used as a control plasmid in these treatments. Each group consisting of six tumor-bearing mice received four treatments (two injections per week for 2 weeks) with IL-12/PVP or EP/PVP and untreated mice were used as control. To determine the optimal dose for treatment with IL-12/PVP, both reduction of tumor size ( Figure 3 ) and rejection of tumors (Table 2) were taken into consideration. The optimal doses of IL-12/PVP treatment for Renca and CT26 were determined to be 24 and 48 g respectively (Table 2 ). Tumor rejection induced by IL-12/PVP is predominantly CD8 + T cell mediated To study the role of individual populations of the immune system in inducing IL-12-mediated antitumor immune response, mice were depleted of granulocytes/polymorphonuclear (PMN), CD4
Figure 2 FACS analysis of single cell suspensions obtained from tumors (upper panel) and draining lymph nodes (lower panel). Increased expression of MHC class I in tumors (Tumors) and in draining lymph nodes (LN) of mice treated intra-tumorally with either IL-12/PVP (thick line), EP/PVP (dashed line) or left untreated (thin line).
+ T or CD8 + T cells using monoclonal antibodies. Rejection of Renca and CT26 tumors induced by IL-12/PVP was completely abrogated in mice depleted of CD8 + T cells (Figure 4 ). In contrast, depletion of CD4 + T cells did not affect tumor rejection following IL-12/PVP treatment of CT26 tumors (80% versus 80%) and Renca tumors (100% versus 80%).
IL-12/PVP-mediated tumor-specific immunity is associated with memory We wanted to investigate whether mice that had rejected the primary tumors as a result of treatment with IL-12/PVP had developed specific antitumor immune memory. Mice that rejected Renca or CT26 following IL-12/PVP treatment, were re-challenged subcutaneously with fresh tumor cells in the opposite flank (right) 40-50 days after the first tumor challenge (left flank). More than 50% of mice that had rejected the primary tumors as a result of cytokine gene treatment did not develop any secondary tumor. In contrast naive mice injected with either Renca or CT26 readily developed tumors ( Table 2) .
Discussion
In this article we demonstrate that delivery of IL-12 gene by a nonviral vector system to established tumors induced a potent antitumor immune response. Treatment of tumor-bearing mice with an IL-12 expression plasmid formulated with PVP led to tumor rejection, which was primarily mediated by CD8 + T cells. Administration of immunomodulatory cytokines is an important strategy for generating immune responses against cancer. However, systemic delivery of cytokines for the treatment of cancer in mice and humans is associated with toxic side-effects. 19, 20 This limitation created a need for alternative approaches, such as the delivery of cytokine genes to the site of the tumor, [24] [25] [26] that reduce toxicity while maintaining the benefits. Various vectors have been successfully utilized to deliver IL-12 genes to the site of the tumor, eg, retrovirus, 24 adenovirus 26 and vaccinia virus. 25 However, these viral systems are labor intensive, are associated with immunogenicity of the vector, and bear the potential danger of developing infectious agents. Nonviral vectors provide an important and potentially safer alternative. A nonviral, polymeric, interactive, non-condensing, (PINC) gene delivery system used in our study consistently results in a greater amount of gene expression from muscle tissues as compared with unformulated plasmid DNA. 27 Recently, intra-muscular expression of biologically active human IGF-I and factor IX have also been demonstrated in vivo using this system. 28, 29 To assess the immunogenicity of plasmid formulated in PINC, we assayed for the presence of anti-plasmid antibodies in serum of dogs repeatedly injected with this formulation and did not detect any antibodies to the administered plasmid (unpublished data). Furthermore, we observed that delivery of our expression system for IL-12 lacks any obvious toxicity such as loss of weight or any signs of distress, that has been reported in mice following systemic delivery of IL-12 protein. 31 The mechanism of action of the IL-12/PVP delivery system is consistent with the proposed mode of action of IL-12 described by other groups using IL-12 recombinant protein. Several studies have shown that IL-12 mediates its antitumor functions partly through IFN-␥ 2,3,14,32 In conjunction with IFN-␥, IL-12 induces the differentiation of a Th1 immune response, 17, 18 which may promote the establishment of an antitumor immune response through increased IFN-␥ production or by conditioning dendritic cells to activate antigen-specific CD8 + T cells. 33 Local production of IL-12 using the IL-12/PVP delivery system, resulted in increased expression of IFN-␥ in the tumor (32-fold) and in the draining lymph nodes (data not shown). Within 3 days of treatment with IL-12/PVP, we also observed an increased level of MHC class I molecules on cells in tumors and lymph nodes, which may be a result of elevated levels of IFN-␥ in those tissues (Figure 2) . At the same time, we also noticed an influx of tumor infiltrating NK, CD4
Figure 4 Role of individual cells of the immune system in the development of immune response against tumors. As described in Materials and
+ T and CD8 + T cells ( Table 1 ).
Most of the CD8
+ T cells also expressed CD69, a marker expressed by activated T cells which may indicate an augmented cytolytic activity. Activated CD8 + T cells may be better equipped to kill tumor cells. The increased infiltration of NK and activated T cells was observed even after 3-4 days of a second IL-12/PVP treatment and was associated with further reduction of tumor size (data not shown). While treatment of tumors with EP/PVP also induced an influx of immune cells, tumors treated with IL-12/PVP had a significantly higher infiltration. The influx of immune cells induced by EP/PVP could be a nonspecific effect due to CpG motifs in the plasmid, 34 or a result of inflammation induced by the multiple injections required to treat the tumor.
Although PMNs were found to be important in the development of a robust immune response, CD8 + T cells were the primary effectors of antitumor immunity induced by IL-12/PVP. Mice depleted of these cells no longer responded to IL-12/PVP treatment (Figure 4) . In contrast, CD4
+ T cells were either not required in the development of antitumor immunity, as seen in the CT26 tumor model, or as in Renca, appeared to suppress its development. CD4 + T cells have been previously shown to prevent the infiltration of CD8 + T cells into the tumor, rather than suppressing their activation. 35 The development of tumor-specific CD8 + T cell effectors was associated with a long lasting memory, since mice that rejected the primary Renca and CT26 tumors were resistant to a subsequent challenge of fresh tumor cells (Table 2) .
It has been reported that the amount of IL-12 available at the site of the tumor is a determinant of tumor regression. 36 In a C26 colon carcinoma tumor model, systemic delivery of recombinant IL-12 protein was unable to inhibit tumor growth, because effective levels of IL-12 at the tumor site could not be generated without exceeding the systemic levels that were toxic. Although the nonviral vector system used in this study produced levels of IL-12 (pg) in tumors that were lower than those obtained with viral vectors (ng), the amount generated was sufficient to induce a potent antitumor immune response. Moreover, mice treated with EP/PVP did not develop antitumor immunity against Renca or CT26 suggesting that tumor regression observed in IL-12/PVPtreated mice is indeed IL-12 gene dependent.
This study shows that intra-tumoral delivery of IL-12 genes using a polyvinyl polymeric delivery system is an effective method of generating antitumor immunity. Local production of IL-12 following this gene therapy approach led to tumor regression and rejection which was not associated with toxicity. Thus, this gene delivery/expression system may be applicable to delivering IL-12 to patients for the treatment of potentially metastatic tumors, such as head and neck cancer and melanoma, where primary lesions are easily accessible by direct intra-tumoral injection.
Materials and methods
Construction and formulation of cytokine gene expression plasmids The expression plasmid for mouse IL-12 (pIN0961) is described separately. 37 Briefly, the p35 and p40 subunits of IL-12 are expressed from two independent transcription units that were incorporated into a single plasmid. Each transcription unit was driven by the human cytomegalovirus immediate-early enhancer/promoter, contained a synthetic intron in its 5′ untranslated region and had its 3′ end defined by the bovine growth hormone poly (A) signal. An expression plasmid with the CMV enhancer/promoter and bovine growth hormone poly (A) signal, but no coding region, served as the empty plasmid control. Plasmids were grown in DH5␣ E. coli and purified by alkaline lysis and proprietary chromatographic methods (GeneMedicine, Inc.). Purified plasmid utilized for intra-tumoral injections had low levels of endotoxin (Ͻ20 endotoxin unit/mg). Purified plasmids were formulated with a 5% PVP solution 27 to generate IL-12/PVP and EP/PVP formulations.
Tumor cell lines
Renca, an immunogenic, spontaneously arising murine renal cell carcinoma, and CT-26, a non-immunogenic, colon adenocarcinoma, were kind gifts of Dr Drew M Pardoll (Johns Hopkins Hospital, Baltimore, MD, USA). Tumor cells were grown in RPMI 1640 medium which was supplemented with 10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin and 50 g/ml gentamycin (all from Life Technologies, Gaithersburg, MD, USA) at 37°C and humidified 5% CO 2 .
Mice Eight-week-old female BALB/c mice were purchased from Harlan Laboratories (Houston, TX, USA). Mice were maintained on ad libitum rodent feed and water at 23°C, 40% humidity, and a 12 h/12 h-light/dark cycle. All mice were acclimated for at least 4 days before the start of the study. All studies were performed in accordance with generally acceptable animal use guidelines. . Tumors were treated with different plasmid formulations in volumes of 50 l each, at 3-4 day intervals for a total of four treatments in 2 weeks. Tumor sizes were measured twice a week for a period of 40-50 days. In both challenge and re-challenge studies, mice that developed tumors larger than 1 cm 3 were killed for humane reasons.
Cytokine ELISA Renca tumor-bearing mice were injected intra-tumorally with IL-12/PVP or EP/PVP. Tumors were obtained from these mice 24 h later and single cell suspensions from these were incubated in culture at 37°C for 24 h. Supernatants were separated from the cells by centrifugation. Standard sandwich ELISA kits from Genzyme (Cambridge, MA, USA) were used to measure IL-12 and IFN-␥ in the culture supernatants, as per the manufacturer's instructions. Measurement of total protein in the cell pellets was carried out by first treating them with lysis solution (10 mm Tris-HCl, 1.0 mm EDTA, 0.1 m NaCl, 0.5% Triton X-100) in the presence of a protease inhibitor cocktail from Boehringer-Mannheim (Mannheim, Germany) and then homogenizing for 5 min at 4°C using a mini bead-beater (Sunon, Taiwan). Supernatants collected by centrifuging the samples for 5 min at 7500 g, were used for protein quantification using BCA protein assay kit from Pierce (Rockford, IL, USA). Cytokine levels per milligram of total protein were measured for each sample.
In vivo antibody-mediated depletion of leukocytes All antibody treatments were performed twice. The first injection of the antibody was given intravenously 1 day before starting the cytokine gene treatment. This was followed by a second antibody injection of the same concentration, given intraperitoneally, 1 day before the third injection of cytokine treatment. All cell type-specific antibodies were injected in a volume of 500 l. Ascites of the following antibodies were used at appropriate dilutions/concentrations -anti-CD4 (GK1.5, TIB207; ATCC, Rockville, MD, USA), 1:10; anti-CD8 (2.43, TIB210, ATCC), 1:100; anti-asialo GM1 (anti-NK cells) (Wako, Osaka, Japan) 50 l; and anti-GR-1 (anti-PMNs) (RB6-8C5; Pharmingen, San Diego, CA, USA) 100 g -and were determined to be sufficient to maintain depletion of specific cell subsets for the duration of the experiment (data not shown).
Flow cytometric analysis of tumor infiltrating cells
Single cell suspensions of tumors were made by gently grinding the tumor between the frosted ends of two glass slides in 5 ml of Hank's balanced salt solution (Life Technologies) containing collagenase (Sigma, St Louis, MO, USA) at a concentration of 0.28 mg/ml. This suspension was then transferred to a 50 ml Falcon tube containing 10-15 silica beads of approximately 2.5 mm diameter (Biospec Products, Bartlesville, OK, USA) and shaken in a 37°C water bath for 30 min. Enzyme action was stopped by the addition of 40 ml of phosphate-buffered saline (PBS; Life Technologies) containing 1% FBS. Cells were passed through a 70 m nylon strainer (Falcon, Lincoln Park, NJ, USA) to remove any debris. Cells were washed three times before staining with various antibodies for FACS analysis. Before staining with various antibodies, cells were stained with anti-CD16/32 antibody to block the Fc␥II/III receptors. Based on staining with various leukocyte-specific antibodies and forward-and side-scatter analysis, cells in the tumor cell suspension could be gated into different groups of infiltrating cell populations which were further compared between various groups of treatment. For the staining of NK cells, only cells that were positive for staining with the pan NK cell antibody, DX5, and negative for the T cell marker, CD3, were considered. FACS analysis was performed on FACSCalibur (Becton Dickinson, San Jose, CA, USA).
Antibodies
The following antibodies were all obtained from Pharmingen. The fluorescein isothiocyanate (FITC)-labeled anti-CD3 antibody 145-2C11 (armenian hamster IgG, group 1), the FITC-labeled anti-CD4 antibody GK1.5 (IgG2b), the FITC-labeled anti-CD8 antibody 53-6.7 (IgG2a), the phycoerythrin (PE)-labeled anti-CD69 antibody H1.2F3 (armenian hamster IgG, group 1), the PE-labeled pan NK cell antibody DX5 (rat IgM), the FITC-labeled anti-H-2D d antibody 34-2-12 (mouse IgG2a), and the unlabeled anti-CD16/32 antibody 2.4G2 (rat IgG2b). The PE-labeled anti-CD11b (Mac-1) antibody M1/70.15 (rat IgG2b) was obtained from Caltag (San Francisco, CA, USA).
Statistical analyses
The non-parametric Mann-Whitney U statistic was used to analyze cytokine ELISA data. Tumor rejection data was analyzed by cross-tabulation analysis using the 2 test.
